Radiation damage on dielectric thin-layer was studied. The dielectric multilayer coating is a promising technology for the use of solar light collection optics in Space Solar Power System (SSPS) in the geostationary orbit. We estimated spatial distributions of numbers of displacement atoms using a Kinchin-Pease model for the proton incidence, and Frenkel pairs created via self-trapped exciton process initiated by electron excitation in the target for the proton and electron incidences. Proton incidence gives damages near the surface of the target due to low energy protons dominating its energy spectrum. Proton irradiation experiment for a thin layer of several dielectric targets shows toughness for about 10-year-equivalent exposure time at geostationary orbit.
Introduction
Study on Space Solar Power System (SSPS) has been conducted by JAXA and colleagues in Japan. The SSPS is a wireless transmission system using laser or microwave beam to deliver the solar light energy collected by a large mirror in space to distant users, for instance energy market on the earth. One GW corresponding to output of a standard nuclear fission power plant is planed as output of the SSPS in future. Conceptual design and development of element technologies are being carried out. As the SSPS is a large system which treats high power solar energy, heat treatment of power loss in the system, and development of construction method such as a thousand-ton level. A key technology is a solar-pumped laser equipment converting solar light directly into laser light without any electric device.
This solar-pumped laser can convert the solar light to the laser light with about 40% of conversion efficiency at maximum theoretically 1) . Thus remaining 60% energy at minimum might be spent to heat the laser material when whole spectrum of the solar light irradiates the laser material. This heat problem is one of the most critical issues in the space-born laser system due to high energy density for laser production. The 60% heating component consists of 30 to 20% (depending on the laser wavelength in near infrared range) due to a quantum defect and 30 to 40% due to contribution to heating only because of the wavelength longer than the laser one. The quantum defect can not be avoided in the solar-pumped laser using a conversion process from single solar photon to single laser photon. The longer wavelength component should be excluded from the incident light to the laser material to reduce heating. This exclusion gives 1/2 to 2/3 reduction of heating the laser material. Ultraviolet component should be also excluded for protection of laser materials. YAG crystal as a candidate of the solar-pumped laser in the SSPS needs pumping spectra ranged from 350 nm to 950 nm. Thus Laser-SSPS needs spectral control of the collected solar light before irradiation of the laser material. This means that the solar light collection system should have a function of the spectral control.
Dielectric multilayer on optics is widely used for spectral control of reflected, refracted and transmitted light on and/or through the optics. A lot of choices of material combination and thickness for the multilayer give variety of the spectral control. The use of the dielectric multilayer can cut both infrared and ultraviolet component in the solar collection system. Additionally, the dielectric multilayer is used as high power laser components protected from damage. It is expected to be widely used in a high power laser system of the Laser SSPS. For the space use, radiation effects on dielectric multilayer should be clarified.
Proton, electron, and ultraviolet rays are main radiation in the geostationary orbit (GEO). Dielectric multilayer is made by alternative multi-depositions of thin layers of low and high refractive index of dielectric materials. A Few exposure tests of dielectric multi-layer coating such as anti-reflection coating on optics have been examined in low Earth orbit 2) . Radiation effects on multilayer and single layer in the GEO have not been studied.
Described in this paper are radiation effects on a single layer of several dielectric materials for optics coatings. Section 2 shows the radiation environment in the GEO, section 3 describes damage models as radiation effects, section 4 describes proton irradiation experiments and discussion, and section 5 concludes this study.
Radiation environment in the geostationary orbit
Outside of the earth, there are galactic cosmic rays from outside the solar system, solar cosmic rays from the sun, and trapped cosmic rays of charged particles (a part of the galactic and solar cosmic rays) caught by the earth magnetosphere. The GEO is near the outside edge of a radiation belt with a lot of trapped cosmic rays. Protons and electrons dominate the trapped cosmic rays in the GEO, and the amount of heavy ions is in % level. The amount of the protons and the electrons depends on the solar activity. In addition to these charged particles, ultraviolet radiation from the sun and γ rays from the outside of the solar system come directly to the orbit. Energy spectra of the protons and electrons, depending on the height and the solar activity, can be predicted with models based on a lot of observations done by satellites. NASA is open AP8 model for protons and AE8 model for electrons to the public. They can be referred on a web site of SEES (Space Environment & Effects System) 3) of JAXA. 
Damage model
Described here is modeling for the number of defects created in the material by the proton and electron irradiation. A flow diagram of processes from the incident to the optical characteristic change is shown in Fig. 3 . The relation between the number of defects and the optical characteristic change is not modeled in this time. The change in an optical characteristic will be understood by irradiation experiments, and it can be related to the number of defects predicted by the model.
The kind of the defect caused by the radiation in the material is divided into a single defect and a compound defect. A basic example of the single defect is a Frenkel-pair consisting of an interstitial atom and a vacancy. The compound defect is a result of the interaction of dense single defects, and has various topics depending on the incident rays, the material, temperature, and with/without annealing etc.. The defects mean the single defects here after for easy treatment.
In this section, defects of displacement by knocked-on and via electron excitation are described in subsections respectively.
Displacement
Incident charged particles can give the kinetic energy to nuclei and electrons in the material due to Coulomb force. Energy transfer to the nuclei much enough to be kicked on, resulting in displacement of the atom and a vacancy appearing at the original position of the displaced atom. This pair of the interstitial atom and the vacancy is called as a Frenkel pair.
In case that an incident particle collides an atomic nucleus of a target material and is scattered each other, one can get 
This Eq. (1) gives
as a kinetic energy of primary knock-on atom (PKA). If the PKA with large kinetic energy does not return to the original position before the collision, then the original position would be a vacancy as a defect. The threshold energy of the displacement of E i,min in the order of 10eV plays an important role in estimation of the number of the displaced atoms. Probability of the coulomb collision can be described using Rutherford scattering cross section. Let us consider an example which an incident proton of E i =1 MeV collides 28 Si atom with the displacement threshold energy of E=10 eV. According to the Eq. (1), the minimum scatter angle φ of the proton is 0.98°. Rutherford Scattering cross section of σ from 0.98 to 180° is 
The probability of the collision is given by
Using t=20 years (=6.3×10 8 sec), σ=1.1×10 4 b (=1.1 ×10 20 cm 2 ), and I=10 5 /cm 2 /sec, the probability can be estimated as n ／n 0 = exp (-σI t ) = exp (-6.9×10 -7 ) = 1-6.9×10 -7 . Next, numbers of displaced atoms per collision event should be estimated. When the PKA energy exceeds the displacement threshold energy, the PKA can produce a secondary knock-on atom sequentially. The threshold is in the order of 10 eV depending on materials. When the PKA has energy of E larger than the threshold, the PKA produces many secondary knock-on atoms with cascade collisions. Total number Ncas of displaced atoms made with a PKA is a function of the PKA energy of E 1 . According to Kinchin-Pease model modified by Norgett 4) , the Ncas is given as
here the ν(E 1 ) is PKA energy loss in an elastic collision with another atom, the κ is a constant proposed by Norgett as 0.8 from a result of a computer simulation. Regarding the PKA as an incidence particle in the Eq. Since the PKA is the same kind of atoms collided secondary, the m can be equal to the M. Assuming θ=0 for an estimation of the maximum number of the displacement, Eq. (6) is expressed as
Thus the total number of the displaced atoms is in the order of the quotient of PKA energy of E 1 to the threshold energy of E i,min . Finally, energy spectrum (AP8 MAX described in the previous section) and tangential incidence are also considered in the damage estimate. Figure 4 shows the result. Most of the damages distributes mainly near the surface within a few micrometer in depth.
Low possibility of atomic displacement with electron irradiation is mentioned here. The maximum kinetic energy when the collision parameter is 0 that is transferred to the atomic nucleus from the incident electron is ( )
(8)
When E i =1MeV, M ≒ 20 (assuming SiO 2 target), and mc 2 =0.511MeV are substituted into the Eq. (8), obtained is about 200 eV of the E max exceeding displacement threshold energy. However, the cross section for such as head-on collision case is so small that the displacement probability is still small. Impact parameter barely just increased, E decrease largely down to displacement threshold energy.
Electron excitations
When the radiation passes the material, linear energy transfer (LET) is defined as average energy given to the material per unit length along the radiation pass. The LET of charged particles is equal to the stopping power (energy loss). Used in this model are nucleus and electron stopping powers and ranges of electron, proton, and α particle for many kinds of materials which can be calculated easily on the web site of NIST 5) .
Energy-dependent stopping power of dE/dx (energy loss of the particle per unit length) can give spatial distribution of energy absorption in the target material, called Dose depth profile such as, ( )
The stopping power might be shown as 1/ρ･dE/dx (MeV cm 2 /g). Using the Eq. (9), one can calculate the dose depth profiles in the target material for proton and electron incidences. Figures 5 and 6 show a dose depth profile in SiO 2 material for GEO proton and electron incidences respectively. The dose for electron is lower than that for the GEO proton by about factor of three. It is concluded that the proton dominates the dose in the GEO for SiO 2 material.
The electronic excitation can generate an exciton composing of an electron and a hole which are softly bonded each other in the target material. The exciton is captured in the weak-bonded lattice due to the generation of the exciton, and stabilizes with lattice distortion around there. This is called a self-trapped exciton appearing in the alkali soil fluoride, halogenation alkali, and quartz etc.. A part of the self-trapped excitons is converted to a stable Frenkel pair exceeding a low adiabatic potential barrier. This stabilization can not be seen in the quartz crystal but in amorphous silica.
Since the energy deposition by electronic excitation is far larger than that by the elastic collision, the effect would be more predominant than the effect of displacement defect in the material.
Let us consider a number of Frenkel pairs via Pc_102 self-trapped exciton, using the dose depth profile (Gy/sec) and average energy to produce an exciton, N FP,STE / N (/cm 3 ) = D (Gy/s) ×1.6×10 16 (eV/cm 3 ) / Ee (eV) ×η×α×β×1/100 (dpa) (10) where generation probability of a stable Frenkel pair from the quasi-stable one is assumed to be 1/100. The right-hand-side of the Eq. (10) has a dimension of dpa (displacement per atom) per second corresponding to STE origin damage probability for a atom per unit time. Figure 7 shows a spatial profile, assuming ηαβ=1. The dpa near the surface in 30 years of exposure time can be estimated from the plot, 3.5×10 -13 dpa/sec ×9.5×10 8 sec = 3.3×10 -4 dpa. In the depth of 5 μm, about 1.9×10 -6 dpa is obtained. A collision origin profile is also plotted in the figure. Both are comparable when ηαβ=1 is assumed to expect the maximum number of the self-trapped exciton origin defects. Clear is also most defects near the surface inside the depth of a few μm. Figure 8 shows a dpa profile in the electron irradiation case, smaller than that in the proton case by about tow order of the magnitude. Proton irradiation dominates the displacement in the GEO.
Irradiation experiment 4.1. Design method
Energy spectra in the GEO are distributed widely as shown in Figs. 1 and 2 . We should simulate the irradiation condition in the GEO environment with a monochromatic energy beam on the earth with a proper conditioning. Figure 9 shows a dose depth profile for one proton incidence per unit area with 0.1 MeV in energy. The dose near the surface is 8.5×10 -8 Gy. The dose depth profile for GEO protons per unit area and time, shown in Fig. 6 , gives 2.4×10 -2 Gy per unit time near the surface. 10-year-equivalent exposure at GEO with 0.1 MeV incidence corresponds to fluence of 8.9×10 13 protons/cm 2 . (=2.4×10 -2 Gy/sec × 3.15×10 7 sec/year × 10 year / 8.5×10 -8 Gy = 8.9×10 13 protons). This fluence level is easy to be carried out with a proton beam facility.
Experiments and discussion
Proton beam of 0.1 MeV was provided from TIARA (Takasaki Ion Accelerators for Advanced Radiation Application) in Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency. The beam current was 50 nA, and the irradiation area was 3×3 cm 2 , then the current density was 5.6 nA/cm 2 . The irradiation time was 50 minutes then the beam fluence was 10 14 protons/cm 2 , corresponding to about 10-year exposure time with the GEO protons for SiO 2 material.
Target samples were 1-μm-thick single coating of dielectric on 10-mm-square 1-mm-thick SiO 2 glass bases. Coatings used in this experiment are MgF 2 , Al 2 O 3 , TiO 2 , and HfO 2 , listed in Table 1 . No coating sample consisting of only the glass base was also used. Figure 10 shows transmission spectra of two samples before and after the irradiation. Many peaks and bottoms can be seen due to Fabry-Perot interference in the thin samples. There was no remarkable change in the spectrum in Al 2 O 3 case shown in Fig. 10 (a) . Thus the Al 2 O 3 is stable for proton irradiation in the level of the experiment in this time. The bare glass base sample without any coating gave the same stability. On the other hand, shift of peak and bottom positions in visible to infrared region, and drop in ultra violet region can be seen in HfO 2 case shown in Fig. 10 (b) . The shift means change of the optical length in the thin layer in the Fabry-Perot interference. The optical length is a product of a physical length and an optical index of the pass. Another important change is increase of the UV absorption. It may be due to some defects produced in the material with the proton irradiation. In all cases, it is sure that the optical property is changed after the proton irradiation. The use of HfO 2 coating might be critical as not only single layer but also a part of multilayer.
The change of the optical length and the absorption causes change of the spectral response of the dielectric multilayer coatings. The spectral response depends on parameters of refractive indices, absorption coefficients, and (optical) thicknesses of a set of high-and low-index thin layer materials, and the number of the layers in addition to the refractive index and absorption coefficient of the base optic. This is because dielectric multilayer coating utilizes optical interference between multilayer and base to obtain required spectral response. Quantitative estimate of the influence of the experimental results on the spectral response is expected in the further study. Table 1 summarizes the experimental results for all the samples. No change of both the optical length and UV absorption can be seen in Al 2 O 3 and SiO 2 (base glass). Either change of them can be seen in MgF 2 , TiO 2 , and HfO 2 . Most promising combination of the Al 2 O 3 and SiO 2 can be proposed for multilayer as results of this experimental series.
As this combination has small difference in optical indices, number of layers in multilayer would be large, resulting in hard design with high accurate fabrication. Another suitable dielectric material with higher index should be found for easier design and fabrication of the multilayer instead of the Al 2 O 3 with middle index.
Conclusions
Radiation damages on dielectric coating for the environment in the geostationary orbit were modeled and estimated. For displacement due to proton irradiation, most of the damages distributes mainly near the surface within a few micrometers in depth. For dose depth profile due to electron excitation, the energy deposition distributes mainly near the surface less than one micrometer in depth, in both the proton and electron irradiation cases. For Frenkel pairs created via self-trapped exciton process initiated by electron excitation, the number of the pairs does not exceed the number of the displacement due to knock-on by protons, in spite of the maximum estimate of the pair production.
Proton irradiation experiments for several kinds of dielectric thin layer target was designed and carried out. An acceleration test simulating the GEO environment could be designed by using a monochromatic energy beam.
No change of both the optical length and UV absorption can be seen in Al 2 O 3 and SiO 2 (base glass). Combination of the Al 2 O 3 and SiO 2 can be proposed for multilayer as results in this time. For easy design and fabrication of multilayer, another dielectric material with higher index should be found. Since critical is the considerable change of the spectral response of the coating in the mission at GEO, the amount of the change and comparison with required specification should be estimated in the next step.
